Biogenesis of iron-sulfur (Fe-S) cluster-containing proteins relies on assistance of complex machineries. To date three systems, NIF, ISC, and SUF, were reported to allow maturation of Fe-S proteins. Here we report that the csdA-csdE (formally ygdK) genes of Escherichia coli constitute a sulfur-generating system referred to as CSD which also contributes to Fe-S biogenesis in vivo. This conclusion was reached by applying a thorough combination of both in vivo and in vitro strategies and techniques. Yeast two-hybrid analysis allowed us to show that CsdA and CsdE interact. Enzymology analysis showed that CsdA cysteine desulfurase activity is increased 2-fold in the presence of CsdE. Mass spectrometry analysis and site-directed mutagenesis showed that residue Cys-61 from CsdE acted as an acceptor site for sulfur provided by cysteine desulfurase activity of CsdA. Genetic investigations revealed that the csdA-csdE genes could act as multicopy suppressors of iscS mutation. Moreover, both in vitro and in vivo investigations pointed to a specific connection between the CSD system and quinolinate synthetase NadA.
Iron-sulfur (Fe-S) proteins occur in all living organisms wherein they assist a wide array of distinct biological processes, including metabolism, photosynthesis, or gene regulation (1) (2) (3) (4) (5) . As a general rule proteins make use of these cofactors to have their activity and/or their conformation controlled by changes in surrounding redox potentials.
In the last decade tremendous progress has been made in our understanding of how apoproteins acquire Fe-S clusters in living cells. Early investigations showed that iron, sulfide, and reducing conditions were sufficient to promote Fe-S cluster assembly in proteins in vitro. Seminal work by Dean and coworkers (6) in their study of nitrogenase maturation in Azotobacter vinelandii uncovered the existence of a protein machinery that was instrumental in Fe-S biogenesis. In particular, NifS cysteine desulfurase was shown to provide sulfur from cysteine (6) . Subsequently, study of NifU led to the concept of scaffold protein, i.e. proteins that allow transient assembly of Fe-S cluster before their transfer to apoproteins (7) .
Subsequent work in Escherichia coli revealed the existence of a second machinery, referred to as ISC (8) . In addition to IscS, the NifS-like cysteine desulfurase, and IscU, a scaffold acting as a sulfur acceptor, the ISC system comprises five additional proteins. IscA has been demonstrated to be a second scaffold, although a role as iron donor has recently been proposed (9 -11) . IscR acts as a transcriptional regulator of the iscSUA operon (12) . HscB and HscA constitute a Hsp40-Hsp70 co-chaperone/chaperone system, which is thought to assist Fe-S transfer from IscU to apoproteins (13) (14) (15) (16) (17) . Fdx, a ferredoxin, has no clear role. In E. coli, the ISC system is synthesized under normal growth conditions and is viewed as fulfilling a housekeeping function. Defects in this system, and particularly in iscS, alter functioning of several Fe-S enzymes, leading to mutated phenotypic traits including, among others, nicotinamide and vitamin B1 auxotrophies (18, 19) . Genetic analysis based upon gene replacement strategy predicted a major role for IscU, HscB, and HscA (20, 21) . As a sulfur donor, IscS intervenes also in biosynthetic pathways involving sulfuration reactions as in thiolation of tRNA (22, 23) . In Saccharomyces cerevisiae the ISC system locates in mitochondria and is responsible for maturation of all Fe-S proteins in all subcellular compartments of the yeast cell (24) .
A third system, referred to as SUF, has been discovered first in E. coli and in the related plant pathogen Erwinia chrysanthemi and subsequently in parasites and Arabidopsis thaliana (25) (26) (27) (28) (29) (30) . The SUF system comprises a NifS-like cysteine desulfurase, SufS, and a scaffold related to IscA, SufA (31, 32) . Lying downstream the sufS gene is the sufE gene, whose cognate encoded protein shows sequence similarity to none of the isc genes. Yet recently an unexpected high level of structural similarity was observed between SufE and IscU (33, 34) . Last, the SufBCD proteins constitute an atypical cytoplasmic ABC-type complex (35) . Gene replacement strategy showed that with the possible exception of sufD, all suf genes are essential for the functioning of the SUF system (21) . At first, the E. coli SUF system was viewed as playing a minor role, potentially backing up deficiencies of the ISC system. This view arose from the fact that mutations in the suf genes conferred no mutant phenotype under routine laboratory growth conditions. Also, synthetic lethality of iscS sufS mutations led credence to the idea that both systems were redundant. Subsequent work, however, revealed that the SUF system plays a major role in numerous organisms. In fact, E. coli makes use of the SUF system when growing under harsh conditions such as iron limitation or oxidative stress, i.e. conditions that are highly detrimental for building stable Fe-S clusters (35) (36) (37) . Moreover, full virulence of the plant pathogen E. chrysanthemi was found to rely on a functional SUF system to invade its host (35) . Last, a crucial role of the SUF system in plants was illustrated by embryo lethal phenotypes of SufC mutant and reduced viability of SufB and SufD mutations in A. thaliana (29, 30, 38) .
Evidence for the existence of a potential new system for Fe-S assembly in E. coli arose from biochemical investigations. Indeed, the CsdA protein was found to exhibit enzymatic activity very close from those of IscS and SufS cysteine desulfurases (39, 40) . Moreover, CsdA was found to promote Fe-S cluster insertion into apoproteins in vitro (41) . The cognate structural csdA gene lies immediately upstream of a gene referred to as ygdK, of unknown function. The primary sequence of csdA shares 45% identity with sufS. Sequence comparison shows that ygdK shares 35% identity with sufE, and recently a remarkable structural similarity was observed between IscU, SufE, and YgdK (33, 34). As we shall see in this study, YgdK provides a sulfur acceptor function for CsdA as does SufE for SufS, and we, therefore, propose to rename ygdK, csdE.
In this study we carried a thorough investigation of the CSD system of E. coli. By using biochemical, biophysical, genetic, and physiological approaches, we show that the csdA-cdsE genes can substitute for the housekeeping iscS in promoting Fe-S biogenesis in vivo. The remarkable simplicity of this system and its potential particular link with NAD biosynthesis are discussed.
EXPERIMENTAL PROCEDURES
Chemicals-All chemicals were of reagent grade and were obtained from Sigma-Aldrich or Fluka unless otherwise stated. Cysteine was from Roche Applied Science.
Strains and Culture Conditions-All strains used are described in Table I . E. coli strains were grown aerobically in Luria-Bertani (LB) rich medium or in M9-based minimal medium as previously described (35) . When necessary, antibiotics were added at the following concentrations: 50 g/ml ampicillin and 25 g/ml kanamycin. S. cerevisiae strains were grown in yeast extract/peptone/dextrose or appropriate minimal dropout media (CM) in which 2% (w/v) glucose or 2% (w/v) galactose and 2% (w/v) raffinose were added (34) .
Strain Constructions-The E. coli iscS mutant was constructed as described by Datsenko and Wanner (42) . A fragment containing the iscS gene was amplified by PCR from E. coli MG1655 chromosomal DNA. Oligonucleotides Is and Ias used for the amplification are given in Table  II . PCR product was subsequently inserted into pGEMT vector (Promega) by the T/A cloning method. The iscS gene was disrupted by inserting an aphA3 cassette between nucleotides 156 and 849 of the coding region. The resulting iscS::apha3 containing a DNA fragment was excised by restriction and electroporated into the E. coli BW251113/pKD46 strain, and Kan R clones were selected. The E. coli ⌬(csdA csdE)::apha3 mutant strains were constructed using the same protocol as described above. The aphA3 cassette was inserted between nucleotide 617 in csdA and nucleotide 233 in csdE. P1 transduction was used to move mutations from E. coli BW251113/pKD46 strains in MG1655 background yielding strains LL101 (iscS) and LL203 (csdA csdE).
Plasmid Construction-For two-hybrid analysis, DNA fragments of interest were fused to the LexA (DNA binding domain), encoding DNA from the pEG202 vector, or to the transcriptional activation motif, B42, encoding DNA from pJG4 -5 vector (43, 44) . The csdA and csdE genecontaining fragments were amplified using MG1655 chromosomal DNA as a template and primer As/Aas and Ks/Kas, respectively (Table II) . The csdA and csdE PCR products were digested by EcoRI and XhoI and inserted into pEG202 and pJG4 -5 plasmids, digested by the same endonucleases, yielding the pB42 and pLexA series.
To overproduce CsdA his6 and CsdE his6 proteins, the csdA and csdE genes were cloned into pET22bϩ. We used PCR to generate DNA fragments corresponding to the csdA and csdE coding sequences with, in both cases, an upstream NdeI site and downstream XhoI site (Table  II) . PCR was run as follows. Genomic DNA was denatured for 10 min at 94°C. The DyNAzyme EXT DNA pol (Finzymes), deoxynucleoside mix (0.2 mM each), and the primers (0.5 mM final concentration) were added, and 29 cycles (94°C 30 s; 50°C 30 s; 72°C 1 min) were then performed followed by a final 10-min elongation step at 72°C. After enzymatic hydrolysis, the PCR products were inserted into pET22bϩ vector digested by the same enzymes, yielding plasmids pLEC-A and pLEC-E. Plasmid pLEC-EC61S, encoding a mutated version of CsdE, was obtained as follows. Mutagenesis of csdE was performed in two steps. First, two complementary mutagenic oligonucleotides, 3ЈC61ScsdE and 5ЈC61ScsdE (Table II) , were each used in combination with an oligonucleotide complementary to the 5Ј end (NdeI csdE) and 3Ј end (XhoI ⌬stop csdE) of csdE, respectively. The mutagenic oligonucleotides were designed such that cysteine 61 is changed to a serine residue. Oligonucleotides 3ЈC61ScsdE and NdeI csdE and oligonucleotides 5ЈC61ScsdE Proteins-E. coli BL21(DE3) cells were transformed with plasmids pLEC-A, pLEC-E, pLEC-AE, or pLEC-E61S. Overexpression was induced in cells at mid-log phase by adding 0.5 mM isopropyl ␤-D-thiogalactoside. After 3 h of expression at 37°C, cells were harvested by centrifugation. All of the cells were disrupted by passage twice through a French pressure cell at 1200 p.s.i. in buffer A (100 mM Tris-HCl, 50 mM NaCl, pH 8). After centrifugation at 12,000 rpm for 30 min at 4°C, soluble proteins were loaded onto a 5 ml of nickel Hi-trap column (Amersham Biosciences). The column was subsequently washed with buffer A to remove nonspecifically bound E. coli proteins. The desired His 6 protein was eluted from the Ni 2ϩ column with a linear imidazole gradient from 40 to 500 mM. Eluted fractions were analyzed by SDS-PAGE and Coomassie Blue staining. The purified fractions were pooled, and imidazole was removed using a BIOMAX-5K device (Millipore) equilibrated with buffer A. Concentrated proteins were run on a gel filtration column (Superdex 75 HR 10/30 Amersham Biosciences) equilibrated with buffer A at 30 ml/h. Fractions containing pure protein (estimated to be Ͼ98% on SDS-PAGE Coomassie) were pooled and concentrated onto a BIOMAX-5K. Samples were then separated into aliquots and stored at Ϫ80°C.
Yeast Two-hybrid System-The yeast two-hybrid assay was performed as previously described (43, 44) . ␤-Galactosidase activity from diploid cells, obtained by mating of strains EGY48 and RF206 carrying the appropriated plasmid, was detected on plates and was quantified from liquid culture. ␤-Galactosidase activity was expressed as nmol of o-nitrophenyl-␤-D-galactoside hydrolyzed/min/mg of protein (with ⑀ ϭ 4.5 10 3 M Ϫ1 ). Diploid cells were also assayed for the expression of the Leu reporter gene as described (43, 44) . Hybrid proteins were detected in cell extracts by immunoblots using primary antibody raised against the hemagglutinin epitope or LexA.
Assay for Cysteine Desulfurase Activity-Cysteine desulfurase activity was quantitated by assaying the amount of alanine formed from cysteine or selenocysteine. Selenocysteine solution was obtained after reduction of a 60 mM selenocystine-HCl solution with 10 mM DTT. 1 The standard reaction mixture in a final volume of 100 l of buffer B (0.1 M Tris-HCl, pH 8, 30 mM KCl) contained either 0.1 nmol of CsdA, 1 molar eq of CsdE, and variable amounts of either selenocysteine or cysteine. The reaction was monitored at 37°C. At timed intervals (from 0 to 30 min) an aliquot was withdrawn, and the reaction was stopped by the addition of 10% (v/v) 1 M trichloroacetic acid. After centrifugation, the supernatant was analyzed for alanine production. For that procedure, supernatant was dried on a SpeedVac, and the residue was dissolved into 150 l of a citrate buffer, pH 2.2. A ninhydrin derivative was generated and analyzed at 570 nm by high performance liquid chromatography on a 7300 Beckman apparatus working with an ion exchange column S101036 calibrated with pure amino acid standards. The cysteine desulfurase activity is in units (mol alanine/min)/mg of protein.
Sulfur Transfer Assays-All of the experiments were done under anaerobic conditions inside a glove box (Ͻ2 ppm O 2 , 18°C). Both CsdA his6 and CsdE his6 were pretreated with 10 mM DTT and then repurified by gel filtration before use. For turnover experiments, CsdA his6 (500 M) was incubated with 4 mM cysteine for 30 min at 37°C in order to load the protein with sulfur and to generate the persulfide intermediate. Excess of cysteine was removed by desalting the protein over a Micro Bio-spin 6 column. The resulting protein (100 M) was incubated with CsdE his6 (100 M, wild-type or mutant protein) for different times at 37°C in a final volume of 50 l buffer F (50 mM Tris-HCl, pH 7.5). The reaction was stopped by freezing in liquid nitrogen, and proteins were analyzed by mass spectrometry.
Mass Spectrometry-Mass spectra of proteins were obtained by electrospray ionization-mass spectrometry on a Q-TOF Micro mass spectrometer (Micromass, Manchester, UK) equipped with a Z-spray ion source, operating with a needle voltage of 3 kV. Sample cone and extraction voltage were 70 and 3.5 V, respectively. Samples were infused continuously at 5 l/min flow rate with a concentration between 400 and 900 nM in water/acetonitrile (1/1 (v/v)) with 0.2% formic acid. The mass spectra were recorded in the 700 -1600 range of mass-tocharge ratio (m/z) with a 1-s scan time. A 1 M solution of Glu-fibrinopeptide B was used to calibrate the instrument in the tandem mass spectroscopy mode. Spectra were acquired and processed with MassLinx 4.0 (Micromass).
35
S Transfer Assay-All the experiments were done under anaerobic conditions inside a glove box (Ͻ2 ppm O 2 , 18°C). Both CsdA his6 and CsdE his6 were pretreated with 10 mM DTT and then repurified by gel filtration before use. Sulfur transfer reactions were carried out at 18°C for 30 min. 150 M CsdA were incubated with 3 mM [ 35 S]cysteine (123 mCi/mmol, Amersham Biosciences). The spin column eluant (persulfide form of CsdA) was mixed with an equimolar amount of CsdE his6 in buffer E in a final volume of 25 l. The resulting solution was mixed with SDS-PAGE loading buffer devoid of reductant. Samples were immediately analyzed by gel electrophoresis using a 15% polyacrylamide gel containing 0.1% SDS but in the absence of added reducing agent. 35 S was visualized by exposure on a phosphor screen and analyzed using a PhosphorImager, and relative intensities were calculated using ImageQuant software supplied with the instrument.
Reconstitution of NadA Holoenzyme-ApoNadA (50 M) pretreated with 5 mM DTT was incubated in buffer B with 3 mM cysteine, a 10 M excess of ferrous iron, and different cysteine desulfurase enzymes (CsdA his6 , CsdA his6 /CsdE his6 , SufS his6 /SufE his6 , and IscS his6 ). The concentration of the cysteine desulfurases was chosen (1-3 M) so that the same amount of S 2Ϫ was produced per time unit. Formation of the cluster was analyzed by UV-visible absorption spectroscopy. The reaction was initiated by the addition of cysteine desulfurases. The reaction was monitored with time by UV-visible absorption spectroscopy following the absorption increase at 420 nm.
Biochemical Analysis-Protein concentration (by monomer), 6-phosphogluconate dehydratase, and phosphoglucomutase activities were assayed as previously described (35) . 1 The abbreviation used is: DTT, dithiothreitol. 
Cysteine Desulfurase Assays in Cell Extracts-E. coli LL101 containing pBAD, pLBI-S, pLBC-A, pLBC-AE, or pLBS-SE plasmids were grown in minimal medium in the presence of casamino acids, nicotinic acid, vitamin B1, and 0.02% arabinose until exponential phase. Cells were harvested and broken using a French press. Soluble extract was obtained by centrifugation and assayed for protein content. Protein extracts (75 g) were incubated in a final volume of 100 l of buffer B (0.1 M Tris-HCl, pH 8, 30 mM KCl) containing 5 mM DTT and 4 mM cysteine. The activity was assayed from the amount of alanine formed from cysteine. After 10 min of reaction at 37°C, the reaction was stopped by the addition of 10% (v/v) 1 M trichloroacetic acid. After centrifugation, the supernatant was analyzed for alanine production as described above.
RESULTS

Molecular
Evidence for CsdA-CsdE Interaction-We tested whether CsdA protein interacts with CsdE by using the yeast two-hybrid procedure. For this the csdA and csdE genes were cloned in-frame with either the LexA DNA binding domainencoding sequence or the B42 transcriptional activator-encoding sequence. In a first series of experiments, expression of the lacZ gene was used as a reporter. Diploid cells co-synthesizing either the CsdA-LexA/CsdE-B42 pair or the CsdA-B42/CsdELexA pair, both scored as positive on 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-gal)-containing medium. ␤-Galactosidase activity assays run on yeast cell extracts fully supported the notion of an interaction between CsdA and CsdE (Fig. 1) . In a second series of experiment, growth in liquid media lacking leucine was used as another reporter for twohybrid interaction. A 600 values obtained after overnight growth Fig. 1) . Moreover, with both assays CsdA was found to interact with itself, indicating that it forms homodimers. This is reminiscent of the fact that the two cysteine desulfurases, IscS and SufS, also form dimers (1, 5) .
CsdE Stimulates CsdA Cysteine Desulfurase Activity-To investigate whether CsdE has any influence on CsdA cysteine desulfurase enzymatic activity, both proteins were purified. The E. coli csdA and csdE genes were cloned separately into pET vectors so that His-tagged variants are produced. Cognate proteins were purified in a single nickel nitrilotriacetic acid chromatography step. A modest amount, e.g. 2 mg/liter culture, of pure CsdA his6 was obtained in a 95% pure form as judged by Coomassie Blue-stained SDS-PAGE (data not shown). As expected for a cysteine desulfurase, CsdA his6 displayed a yellow color due to the presence of protein bound-pyridoxal phosphate. This was confirmed by evaluating the amount of pyridoxal phosphate to 0.97/monomer using absorbance at 410 nm as a criterion. Higher amounts (28 mg/liter culture) of CsdE his6 were purified in two steps, including a nickel nitrilotriacetic acid chromatography and gel filtration using Superdex-75. The protein eluted in one peak with an apparent molecular mass of a ϳ34-kDa protein species, which corresponds to a CsdE dimer. CsdE was found to be colorless with no characteristic absorption bands in its UV-visible spectrum, indicating the absence of cofactor inside the protein.
The ability of CsdA to catalyze the production of alanine from either cysteine or selenocysteine was assayed. For all the following kinetic experiments, the same homogeneous preparations of CsdA his6 and CsdE his6 were used. Apparent kinetic parameters could be obtained since the experimental data fitted the equation
, and the enzyme showed Michaelis-Menten behavior (Fig. 2) . As expected and in agreement with previous reports, CsdA alone showed only a very weak preference for cysteine versus selenocysteine as a substrate (40) . However, the amount of alanine produced from cysteine was increased 2-fold upon the addition of 1 eq of purified CsdE (Fig. 2A) . The effect was less important with selenocysteine as a substrate (Fig. 2B) . The K m value for cysteine varied from 0.14 to 0.54 mM upon the addition of CsdE. The amount of CsdE required for optimal activity was determined to be close to the stoichiometry with regard to CsdA, suggesting a 1:1 CsdA⅐CsdE complex (data not shown). The K m value for selenocysteine was not determined since anomalous kinetic behavior of CsdA was observed with a concentration of selenocysteine above 4 mM (data not shown), as reported by Mihara et al. (40) . CsdE alone did not display any cysteine desulfurase activity (data not shown).
When SufE was used in place of CsdE no stimulation or inhibition of the CsdA cysteine desulfurase activity was found. A similar result was obtained when IscS or SufS were incubated with equimolar amount of CsdE; the cysteine desulfurase activity of the corresponding enzymes was unchanged, showing that the stimulatory effect of CsdE over CsdA is specific (data not shown).
Sulfur Transfer from CsdA to CsdE-Sulfur atom transfer from a CsdA to CsdE residue was also shown qualitatively by mass spectrometry in an one turnover experiment. First, the sulfurated form of CsdA was generated by incubating CsdA with an excess of cysteine. After desalting over a Microspin column, an equimolar amount of CsdE was added, and the reaction mixture was analyzed by mass spectrometry at different reaction times. The mass spectrum of CsdA after 20 min of incubation with an excess of cysteine displayed peaks at 44,334 and 44,366 Da, assigned to the sulfur-containing forms of CsdA (the addition of one and two sulfur atoms, respectively), in addition to the peak at 44,304 Da, corresponding to the sulfurfree form of CsdA (not shown). The sulfur-containing forms of CsdA are probably localized on the Cys-358 residue of the protein since the corresponding mutant was shown to be inactive toward L-cysteine (40) . The deconvoluted mass spectrum of CsdE only comprised the monomer molecular ion peak at 16,875.3 Da, in agreement with the theoretical mass based on primary sequence (17,006 Da minus 131 Da, taking into account the cleavage of the N-terminal methionine) (Fig. 3A) . Second, the mass spectrum of CsdE after 10 min of incubation with the sulfur-containing form of CsdA was analyzed (Fig.  3B) . A peak at 16,875.9 Da was observed, corresponding to the monomeric form of CsdE, together with two other peaks at 16,907 Da and 16,938 Da, corresponding to CsdE carrying 1 and 2 sulfur atoms, respectively. These peaks were attributed to CsdE with covalently persulfides and/or polysulfides, since the addition of DTT to the reaction mixture converted CsdE back to the initial as-prepared form (data not shown). CsdE mass spectra after 10, 20, or 60 min reaction revealed that sulfur transfer is complete after a few minutes. At the end of the reaction the deconvulated mass spectrum of CsdA only comprised the monomer molecular ion peak, showing that in the presence of CsdE sulfur atoms did not accumulate on CsdA (data not shown).
Sulfur transfer from CsdA to CsdE was investigated also by 35 S-labeled sulfur transfer. The sulfur-containing form of CsdA was generated by incubating CsdA with 3 mM 35 S-labeled cysteine and desalting. An aliquot was incubated with an equimolar amount of CsdE for 20 min at 18°C. Proteins were analyzed by SDS-PAGE electrophoresis in the absence of a reducing agent. From the gel, both CsdA and CsdE proteins bands display radioactivity, showing that sulfur atoms from CsdA were transferred to CsdE. Quantitative analysis of the radioactivity on the gel showed that after 20 min of incubation with CsdE, the amount of sulfur atoms on CsdA decreased from 2.6 to 2 sulfur atoms/CsdA monomer, and 0.8 sulfur atoms were found per CsdE monomer (Table III) . These results were consistent with the hypothesis of a direct sulfur transfer from CsdA to CsdE.
Cys-61 Residue Is the Sulfur Acceptor Residue in CsdE-
Sequence alignment allowed us to identify Cys-61 residue as being strictly conserved throughout all CsdE-like proteins (not shown). Therefore, we constructed a CsdE-mutated protein, referred to as CsdEC61S his6 , in which the Cys-61 residue was changed to a serine residue. CsdEC61S his6 protein was subsequently purified from E. coli using the same protocol as for CsdE his6 . This mutated protein proved unable to exert a stimulatory effect on the cysteine desulfurase activity of CsdA (Table III). It is noteworthy that the C61S-mutated CsdE retained the ability to interact with CsdA based upon yeast two hybrid analysis (data not shown). Electrospray ionization mass analysis of CsdEC61S his6 was carried out after mixing with sulfurcontaining CsdA. Only the peak corresponding to the native protein at 16,860 Da could be observed in the mass spectrum, demonstrating that Cys-61 is the sulfur acceptor site (Fig. 3C) . Furthermore, using 35 S-labeling experiments, no label could be detected on the CsdEC61S protein (Table III) . These experiments demonstrated that Cys-61 residue is the sulfur acceptor site in CsdE.
In Vitro Assembly of Fe-S Cluster by the CsdA-CsdE System-Recently, we showed that NadA, the quinolinate synthetase involved in NAD biosynthesis, contains a 4Fe-4S cluster essential for its activity.
2 Thus, NadA was used as a substrate to analyze the ability of CsdA/CsdE to provide sulfur atoms for cluster assembly. Thus, the apo form of NadA (50 M) was incubated with 5 mM DTT, cysteine (3 mM), a 10 M excess of ferrous iron and different cysteine desulfurases. Concentrations of the cysteine desulfurases, i.e. 1-3 M, were chosen such that the same amount of S 2Ϫ was produced per time unit. Four types of cysteine desulfurases were used: CsdA his6 , CsdA his6 / CsdE his6 , SufS his6 /SufE his6 , and IscS his6 . Formation of Fe-S cluster in NadA was followed by monitoring UV-visible absorption spectroscopy since the cluster absorbs at visible light at 420 nm. In all cases an increase in the intensity of the absorption band at 420 nm was observed showing that any of the four cysteine desulfurases can provide sulfide for holo-NadA formation. Nevertheless significant differences in terms of reaction rates were observed, with the CsdA/CsdE pair being the most efficient sulfur donor as compared with IscS, CsdA alone, or SufS-SufE (Fig. 4) . The cluster assembly was also observed using Na 2 S as the sulfur source, but the rate of cluster assembly was much faster when the enzymatic sulfur delivery system was employed (data not shown). These results first showed that CsdA plays a similar role as IscS or SufS-SufE in vitro to assemble a cluster into target protein and, second, that CsdE increases the kinetic of Fe-S formation into target proteins.
In Vivo Role of the CsdA-CsdE System-To investigate the in vivo role of the csdA csdE genes, strains deleted of both genes were constructed. Phenotypic analysis failed to reveal any defect in growth rate, auxotrophy, or colony morphology either under aerobiosis or anaerobiosis conditions (data not shown). Also, no difference was observed between the amount of 6-phosphogluconate dehydratase (6-PGDH) activity, a Fe-S containing enzyme present in wild-type and the mutant (Table IV) . As controls, iscS mutant was found to contain residual levels of 6-phosphogluconate dehydratase activity, whereas phosphoglucomutase activity, which contains no Fe-S, was altered in none (Table IV) .
In a second approach we aimed at analyzing whether multiple copies of csdA, csdE, or both csdA-csdE genes could act as suppressors of iscS mutation. For this, two plasmids, referred to as pLBC-A and pLBC-AE, were constructed that contained, respectively, the csdA and both the csdA-csdE genes under the control of the pBAD promoter. To carry out comparison studies, pBAD derivatives expressing iscS, i.e. pLBI-S, and both sufS and sufE genes as an operon, i.e. pLBS-SE, were constructed. First, content in 6-phosphogluconate dehydratase activity was assayed in the iscS LL101 strain, containing either one of the plasmids described above. Complementation was observed in all cases (Table IV) . These results indicated that multicopies of csdA or csdA-csdE genes, possibly in concert with others genes (see "Discussion"), allow maturation of 6-phosphogluconate dehydratase. Next, the iscS-mutated strain of E. coli was streaked on medium complemented or not with vitamin B1 and nicotinic acid. As reported by others (), growth of the iscS strain was observed solely in the presence of exogenous nicotinic acid and vitamin B1 (Table IV) (18) . Strains lacking iscS and carrying csdA gene on a plasmid grew well in the absence of vitamin B1 but still required nicotinic acid for growth, implying that the NadA enzyme was not functional in this strain. Same suppression pattern was observed with strain carrying the sufS-sufE genes; complementation of iscS mutation was observed for vitamin B1 but not for NAD auxotrophy (Table IV) . In this context, it was quite surprising to observe that an iscS strain containing plasmid csdA-csdE genes grew perfectly well in the absence of nicotinic acid (Table IV) .
In an attempt to gain some understanding as why NAD auxotrophy was suppressed only in the presence of either iscS or both csdA-csdE genes, we estimated the levels of cysteine desulfurase activity present in cell extracts of the strains used above. Results showed that strain carrying plasmid copies of csdA-csdE genes contained 20 -30-fold as much cysteine desulfurase activity as strains carrying multicopies of iscS or sufS-sufE genes and twice as much as that carrying only csdA gene (Table IV) .
CsdE Is Fused to NadA in A. thaliana-Search for CsdE/ SufE-like proteins in data banks revealed a large protein family including members in all kingdoms. Interestingly, we noticed that A. thaliana genome contains three predicted such domains; one constitutes a polypeptide on its own, one is fused to a BolA-like domain, and one is fused to the quinolinate synthetase NadA enzyme. Multiple primary sequence alignments revealed that the plant domain was more similar to E. coli CsdE than to SufE (Fig. 5) .
DISCUSSION
Three systems, namely NIF, ISC, and SUF, have been identified as able to promote Fe-S cluster assembly in proteins (1, 5) . The NIF system is specifically involved in maturation of nitrogenase, whereas the two others assist Fe/S insertion in most, if not all cellular proteins. All three systems contain a NifS-like cysteine desulfurase enzyme that catalyzes the conversion of L-cysteine to L-alanine and sulfane sulfur (S°) or sulfide (S 2Ϫ ) in the presence of a reducing agent. Also, all three systems contain scaffold proteins, i.e. NifU, IscU, IscA, or SufA, which are believed to act both as NifS-provided sulfur acceptors and as Fe-S cluster donors to apoproteins. In the present work we analyzed both in vitro and in vivo the functioning and role of the CSD system, which contains a NifS-like enzyme and a sulfur acceptor protein but no scaffold.
A key step for Fe-S building is the production of sulfur. In vitro investigations have previously established that E. coli contains three cysteine desulfurases, IscS, SufS, and CsdA (40) . Kinetic analyses revealed that CsdA was the most efficient of all three E. coli cysteine desulfurases (40) . Actually, IscS and SufS cysteine desulfurase activities are increased upon interaction with other components of the Isc and Suf machinery. Hence, IscS exhibits a 6-fold increased activity in the presence of IscU, whereas SufS exhibits a 50-fold increased activity in the presence of SufE (46 -49) . Furthermore, it is established that specific transpersulfuration reaction occurs from IscS to IscU and from SufS to SufE, IscU and SufE behaving as sulfur acceptors (1, 5) . Here we report that a similar situation prevails within the CsdA-CsdE pair since CsdA was found, first, to interact with CsdE by two-hybrid test and, second, using electrospray ionization mass spectrometry and [
35 S]cysteine radiotracer studies, to mobilize and transfer sulfur from cysteine to Cys-61 of CsdE. Moreover, enzymology analysis revealed that CsdE stimulates CsdA cysteine desulfurase activity 2-fold in a 1:1 stoichiometry. CsdE also influenced the K m value of CsdA for cysteine in contrast to SufE that only stimulated the V m value of SufS. Evidently, the stimulatory effect afforded by CsdE on CsdA was of lesser magnitude than that induced by either IscU or SufE on their cognate desulfurases. However, given the differences in intrinsic activity of each cysteine desulfurase, the net outcome is that overall specific activities of the three heteromeric pairs CsdA/CsdE, IscS/IscU, and SufS/ SufE lie within the same range, i.e. ϳ2 units/mg.
The molecular basis of the activating roles of IscU and SufE on IscS and SufS, respectively, is still unclear. Crystal structures of both IscS and SufS exhibit a root mean square deviation of 1.7 Å (50 -53). A major difference, though, between the two enzymes lies in the position of the Cys catalytic residue. In IscS the Cys-328 catalytic residue locates on an exposed surface loop, whereas in SufS the Cys-364 catalytic residue locates in a deep cleft. This might explain why IscS is a much more active cysteine desulfurase and why SufS needs to be activated by SufE. Moreover, as pointed out by a recent interesting study (54) , mechanisms of activation differ from one system to the other. In the case of SufS, the limiting step is the nucleophilic attack of the substrate sulfur by the active cysteine, leading to the formation of the persulfide. Thus, the role of SufE might be to perturb the structure and dynamics of SufS so that this attack is accelerated. In the case of IscS the rate-limiting step is the cleavage of the persulfide, and thus, the activating role of IscU might reside in an accelerated release of sulfane sulfur from Cys-328 of IscS by the efficient attack of Cys-63 of IscU on IscS persulfide. Thus, activation of cysteine desulfurases by accessory proteins can involve effects on either persulfide formation or its subsequent cleavage. Ongoing studies aim at deciphering CsdE-mediated activation of CsdA activity.
IscU, SufE, and CsdE share functional homology, as acceptors of sulfur atoms and stimulators of cysteine desulfurase activities and recent studies revealed that they also share significant structural similarities. Structural analysis of the Haemophilus influenzae (Hinf) IscU protein showed that Cys-63 was in a solvent-exposed loop, a location consistent with its role in accepting the persulfide from IscS for sulfur transfer (55) (56) (57) . Least squares superposition between SufE and HinfIscU structures yielded an alignment with a root mean square deviation of 2.9 Å for 89 C␣ atoms (33, 34) . Alignment of the two structures showed that three Cys residues conserved in the IscU protein family (Cys-37, Cys-63, and Cys-106) surround the Cys51 sulfur acceptor site in SufE. Recently, the structure of E. coli CsdE was determined by NMR (PDB code 1NI7).
Comparison of three-dimensional structures of the CsdE and SufE proteins revealed a striking similarity with a root mean square deviation of 2.4 Å on 133 of 138 C␣ atoms alignment (34) . However, a region that diverges the most between CsdE and SufE corresponds to a surface region that is highly conserved between SufE and IscU. This region is thought to intervene in the interaction with each cognate cysteine desulfurase. In light of this it is worth reminding that we previously showed that SufE stimulated neither IscS nor CsdA (47) . Here, we report that CsdE stimulates neither IscS nor SufS. Hence, beyond high structural and functional resemblances, specificity occurs within all three heteromeric pairs, preventing any crosstalks. The structural basis of this specificity and biological constraints that led to the absence of cross-talks should be addressed in future studies.
Genes encoding IscS/IscU and SufS/SufE pairs are found associated with other genes in operons involved in Fe-S cluster synthesis. In particular, these operons encode scaffold proteins that play pivotal roles by providing templates on which sulfur and iron assemble transiently as Fe-S clusters before being delivered to apoproteins. Even the simple Helicobacter pylori NifSU scaffold was found to be dependent upon a functional NifU for complementing E. coli iscS defects under anaerobiosis (21) . In contrast, the csd putative operon only contains csdA and csdE genes, none of which encodes scaffold. However, we showed here that the CsdA/CsdE system can catalyze Fe-S cluster assembly in vivo. This was shown by complementation tests wherein csdA-csdE genes acted as multicopy suppressors of iscS E. coli strain for deficiencies in NAD, vitamin B1, and holo-6-phosphogluconate dehydratase synthesis. Such csdAcsdE-mediated suppression of iscS is puzzling since the CSD system comprises no scaffold. One could argue that in vivo the CSD system recruits IscA, IscU, or SufA scaffold for functioning. Yet two arguments do not favor this possibility; (i) csdAcsdE-mediated suppression of iscS was observed in the absence of functional copies of iscU and iscA (data not shown), and (ii) sufA is supposed not to be expressed under experimental conditions used during this study. Unfortunately, experiments aiming at constructing a strain lacking iscS, iscA, iscU, and sufA genes failed. Use of conditional mutations in these genes will be necessary for testing whether plasmid copies of csdAcsdE genes can still act as suppressors. Another possibility is that CsdE could act as a new type of scaffold, but we failed to find iron bound to CsdE. 3 Alternatively, a rather extreme pro- posal could be built on the observation that cell extracts of E. coli strains carrying a multicopy of csdA csdE genes have ϳ20-fold more cysteine desulfurase activity than strains carrying a multicopy of iscS gene or sufS sufE genes. The reason why similar expression systems lead to such different amounts of activity is unknown, but it might tell us that sulfur overproduction might be sufficient for bypassing scaffold systems. These different scenarios are currently under investigation.
An intriguing result of the present study lies in the observation of seemingly privileged relationships between CsdE and NadA, the quinolinate synthetase enzyme involved in NAD biosynthesis. The first observation was obtained in in vitro studies in which the CsdA-CsdE pair was found, as compared with IscS or SufS-SufE, to be the most efficient system in promoting Fe-S assembly in E. coli NadA. Noticeably, CsdE contributed significantly to the high efficiency of the CSD system. The second observation was obtained in in vivo studies in which the pair csdA-csdE behaved as a multicopy suppressor of NAD auxotrophy of iscS mutation, whereas csdA alone did not. An obvious possibility was that suppression efficiency reflected the amount of cysteine desulfurase activity present in the strains studied. Yet, estimating the level of cysteine desulfurase activity present in the different strains studied did not allow us to confirm this simple hypothesis. Indeed, although it is true that the strain containing both csdA and csdE genes on a plasmid had the highest level of cysteine desulfurase activity, the strain containing a multicopy of csdA alone contained 7-fold more activity than the strain carrying a multicopy of iscS yet remained auxotrophic for NAD. Also, strains carrying plasmid sufS-sufE genes were auxotrophic yet exhibited the same amount of activity as the prototrophic one carrying plasmid iscS. Taken together, these observations do not seem to support the hypothesis of a direct and simple relationship between NAD biosynthesis and sulfur production. The third observation was obtained by analyzing the occurrence of CsdE-like domains throughout different organisms, which led us to identify a fusion event between CsdE and NadA in A. thaliana. Because such fusion events have often been selected throughout evolution to optimizing partnerships, this opens the way to more subtle, yet undefined relationships between the CSD system and NadA. Future studies will aim at investigating the physiological significance of such a potential partnership.
As a genetic strategy, multicopy suppression has been tremendously efficient in revealing biological function for genes. However, gene dosage biases have always been a source of concern regarding biological significance of the function thereby discovered. The fact that deletion of csdA-csdE genes yielded no obvious phenotype might create skepticism as to whether the CSD system has any function at all in Fe/S biogenesis under normal gene dosage. However, one should remember that a similar discussion arose when the SUF system was discovered. The lack of phenotypic defects associated with suf mutation in E. coli growing under so-called normal conditions led to the assumption that the SUF system plays a minor role. However, analyzing E. coli under growing conditions that are likely to be met in nature, such as iron limitation, revealed a major role for the SUF system (35) (36) (37) . Similarly, investigating the role of the SUF system in the plant pathogen E. chrysanthemi revealed its major role in the plant/bacterium interaction (35) . Hence, although we are fully aware of the potential bias provided by the multicopy effect, it seems wise for the time being to consider the suppressing effect of csdA-csdE as an opening toward a thorough investigation of the benefit it could confer to E. coli as well as other bacterial species under the changing physicochemical conditions met in nature. In particular, as in the case of the suf genes, analysis of the regulation of the csdA-csdE expression might allow us to define environmental conditions wherein it plays a prominent role in Fe-S biogenesis in vivo.
